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Adipose tissue is one of the largest organs, playing important
roles in physiology and pathologies of multiple diseases. Howev-
er, research related toadeno-associated virus (AAV) targetingad-
ipose tissue has been left far behind studies carried out in the
liver, brain, heart, and muscle. Despite initial reports indicating
poorperformance,AAV-mediatedgenedelivery toadipose tissue
has continued to rise during the past two decades. AAV8 and a
novel engineered hybrid serotype, Rec2, have been shown to
transduce adipose tissue more efficiently than other serotypes
so far tested and have been applied inmost of the in vivo studies.
The Rec2 serotype displays high efficacy of gene transfer to both
brown and white fat via local and systemic administration. This
review summarizes the advances in developingAAV vectors with
enhanced adipose tropism and restricting off-target transgene
expression. We discuss the challenges and strategies to search
for and generate novel serotypes with tropism tailoring for adi-
pose tissue and develop AAV vector systems to improve adipose
transgene expression for basic research and translational studies.

Adeno-associated virus (AAV) vectors play an important role in gene
therapy and biomedical research as a safe and effective method for
gene delivery. AAV is a non-pathogenic parvovirus and one of the
smallest viruses with a non-enveloped capsid size of 25 nm.1 AAVs
depend on a helper virus such as adenovirus for a productive infection
cycle. The AAV genome consists of a linear single-stranded DNA
(ssDNA) genome of approximately 4.7 or 4.9 kb with two 145-nt
palindromic inverted terminal repeats (ITRs), which flank viral genes,
such as Rep (replication), Cap (capsid), and the assembly-activating
protein (AAP), which is important for some, but not all AAV, sero-
types.2–6 The Rep gene encodes four regulatory proteins through
the use of two promoters and alternative splicing. These regulatory
proteins are Rep78, Rep68, Rep52, and Rep40, which are involved
in AAV genome replication. The Cap gene generates three capsid pro-
teins, i.e., VP1 (virion protein 1), VP2 (virion protein 2), and VP3
(virion protein 3), through the use of an alternative splice acceptor
site. VP1, VP2, and VP3 make up an AAV capsid with each subunit
at a ratio of 1:1:10 to form an icosahedron structure.7,8 Capsid pro-
teins are currently being heavily researched in order to gain insights
into cell binding and entry.

Naturally occurring AAV serotypes have been identified and charac-
terized with a variety of tissue tropisms. Currently there are 13 AAV
serotypes identified and at least 11 serotypes commonly available in
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the laboratory setting.9 Serotypes 1, 4, and 7–11 were discovered in
non-human primates, while serotypes 2, 3, 5, and 6 were isolated
from humans.10–12 In addition to these mostly applied serotypes,
there are more than 100 capsid variants that have been identified
from human and nonhuman primates.11 One study showed that
the human population is serologically positive to AAV, suggesting
that antibodies existed against AAV in humans,13 which could pose
a challenge for human-derived capsids in gene therapy. Thus, it is
suggested that isolation of capsids from non-human sources may
help overcome pre-existing immunity.14 Few among the commonly
available AAV serotypes in the laboratory setting have been shown
to efficiently transduce adipose tissue. Thus, it is necessary to obtain
variants with specific tropisms, and variants evading pre-existing
immunity.

Because ITRs are the sole requirement for packaging DNA into AAV
capsids, recombinant AAVs (rAAVs) can be produced by exchanging
wild-type AAV genome with any gene of interest and regulatory ele-
ments up to 4.7–4.9 kb. Pseudo-serotyping has been widely adopted
in the development of AAV vectors by cloning each serotype
capsid-coding domain into a common vector backbone containing
the AAV serotype 2 Rep gene.15 However, reports suggest that
pseudo-serotyping may confer distinct properties on AAV vectors,
such as receptor binding, intracellular trafficking, transcytosis, and
uncoating vector genome in nucleus,16–18 and the vast majority of
research using pseudo-serotyping focuses on vector tropism,
including the naturally occurring and engineered serotype vectors
targeting adipose tissues that are discussed hereafter. Typically, gen-
eration of a pseudo-serotype AAV vector requires the use of three
plasmids, including a cis plasmid with ITRs from AAV2 flanking
an expression cassette (promoter, transgene, and optionally a post-
transcriptional regulatory element), a trans plasmid containing Rep
from AAV2 (most commonly) and Cap from another AAV serotype,
and the addition of adeno helper to promote AAV replication.

AAV2, the best characterized AAV, is known to enter the cell by using
membrane-associated heparan sulfate proteoglycan (HSPG) as its
primary receptor.19 Other AAV serotypes require binding to cell
ber 2020 ª 2020 The Author(s).
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surface glycans for infection19–24. Other candidates, such as AAVR,
aVb5 integrin, and fibroblast growth factor receptor 1 (FGFR1),
have also been reported to participate in AAV attachment.25–28

Recent studies have shed new light on molecular mechanisms of
engagement between the AAV receptor and AAV2 and other sero-
types.25,28 However, the mechanisms of AAV attachment and entry
into adipocytes are unknown.

Adipose Tissue

Adipose tissue is traditionally classified into two types, i.e., white ad-
ipose tissue (WAT) and brown adipose tissue (BAT), with distinct
developmental origin, morphology, and function. WAT consists of
white adipocytes with a single uniocular droplet in the cytoplasm
and making up a majority of adipose tissue. BAT, alternatively, is
composed of brown adipocytes with multiocular droplets in the cyto-
plasm and abundant uncoupling protein-1 (UCP1) in mitochondria.
BAT is located in the interscapular and perirenal regions of rodents.
Brown adipocytes as a cluster are distributed over the neck and shoul-
der areas in humans.29–32 BAT is highly innervated and vascular-
ized.33WAT acts as an energy storage site while BAT dissipates stored
energy in the form of heat. In addition, WAT and BAT also serve as
an endocrine organ to secrete numerous adipokines, cytokines,
growth factors, and circulating exosomal microRNAs (miRNAs) to
exert systemic effects.34,35

Adipose tissue is composed of adipocytes and a stromal vascular frac-
tion (or cells), which includes preadipocytes, fibroblasts, mesen-
chymal stem cells (MSCs), endothelial and smooth muscle cells, mac-
rophages, and immune cells. In rodents, a cluster of UCP1-positive
and brown-like cells, termed as beige or brite adipocytes, is found
among various fat pad depots, and their appearance can be dramati-
cally increased upon cold exposure or sympathetic stimulation.29,36

Adipose tissue expansion or adipogenesis is achieved through hyper-
trophy (increasing size of cells) and hyperplasia (increasing number
of cells). Upon over-nutrition, adipose tissue expands first by hyper-
trophy. In humans, it appears that the number of adipocytes, but not
size, is stable during the state of overfeeding or obesity. Even weight
loss is associated with a reduction in adipocyte volume, but not overall
number.2 In rodents however, up to 80% of epididymal adipocytes
and 3% of inguinal adipocytes died after a few months of high-fat
feeding, indicating depot-specific proliferation and differentiation.37

Thus, obesity, at least for rodents, is associated with hypertrophy
and hyperplasia. Of note, over-nutrition or reduced energy expendi-
ture is the primary driver of obesity, but not adipogenesis per se.29

Adipose tissue is distributed in various locations, including visceral
and subcutaneous fat depots. There appears to be a distinction among
fat depots.29 Unique innervation, vascularization, and cell-autono-
mous mechanisms in each fat depot may contribute to distinctive
functions among various fat depots.38,39 The visceral fat depot, but
not the subcutaneous fat depot, is associated with metabolic disease
risk.40 Excessive adiposity is a well-recognized risk factor for type II
diabetes, metabolic syndrome, and certain types of cancer.41–44

Thus, gain- and loss-of function studies by genetically manipulating
Molecular The
adipose tissue are essential to study adipose physiology, its role in dis-
ease, and for the development of therapeutics.

The deletion or overexpression of genes from the germline may some-
times interfere with adipocyte differentiation or development.45–47

The inducible transgenic model is one alternative that can avoid un-
intended consequences of germline deletion or overexpression of the
gene of interest. However, the generation of transgenic models re-
quires costly and time-consuming selection and maintenance of ro-
dent lines. Moreover, genetic manipulation of adipocytes at a
whole-body level may not necessarily reveal cross-talk or interactions
between specific fat depots and other tissues such as the hypothala-
mus, and individual fat depot distinction and function may not be
noticed. Thus, viral vectors become an attractive alternative that
can avoid unintended effects on adipose development and restrict
transgene expression to specific fat depots at any given age. The turn-
around is faster and the expense is less than that of transgenic models.
This review focuses specifically on AAV-mediated adipose tissue
transduction and challenges to targeting adipose tissue with naturally
occurring serotypes and engineered serotypes. We discuss the poten-
tial of AAV8 and a novel engineered hybrid serotype, Rec2, as a gene
delivery platform to transduce adipose tissue and yield therapeutic
efficacy.

Challenges to Target Adipose Tissue with Viral Vectors

Targeting adipose tissues or adipocytes in culture with adenovirus,
retrovirus, and lentivirus have been reported with various degrees
of transduction efficiencies.47,48 These viruses are immunogenic while
g-retroviruses and lentiviruses are able to integrate in the host
genome,49,50 leading to unintended consequences and carcinogenic
risk.51 Thus, many efforts have been made for safer lentivirus vectors.
Recent clinical data suggest that the newer generation of lentivirus
vectors strongly reduce the risk of insertional mutagenesis.52 In
contrast, AAVs allow for long-term transgene expression while cir-
cumventing the problem of frequent genome insertion by the retro-
virus family. rAAV vectors primarily remain episomal in the nucleus
of transduced cells, and random integration of AAV vectors into host
DNA are low-frequency events,1 although the integrations and subse-
quent toxicity have been observed in mouse models.53 AAVs have low
immunogenicity and can transduce both dividing and non-dividing
tissues.50,54,55 They have exhibited sustained transgene expression
in small animal models,55 large animal models,56 and humans.57 In
animal models, liver, heart, skeletal muscle, eyes, and the central ner-
vous system have been safely and successfully targeted for gene trans-
fer.1,14 However, AAV-mediated gene delivery to adipose tissue has
been a challenge largely due to relatively low transduction efficiency
and tropism with naturally occurring serotype vectors.

Therefore, when choosing rAAV platforms for adipose tissue gene
transfer, serotype tropism for adipose tissue, transgene expression ef-
ficacy, and specificity are the three most influential factors for consid-
eration. As most of AAV serotypes pose a broad-spectrum affinity for
tissues such as liver, heart, and muscle, off-target effects are a hurdle
for targeting adipose tissue. However, this issue can be mitigated by
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Figure 1. Components of the AAV Vector Targeting

Adipose Tissue
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delivery route, use of an adipose-specific promoter, and incorporation
of miRNA target sites in the 30 UTR of transgene. Modifications to the
AAV genome to target adipose tissue more effectively are illustrated
in Figure 1. Delivering AAVs locally helps mitigate off-target effects
because of a lower dose and fewer leaks in the circulation. However,
injecting multiple fat depots is time-consuming, invasive, and difficult
for visceral fat depots. Systemic delivery, alternatively, could
distribute AAVs in more fat depots, but it requires a higher dose
than that of local delivery and may provoke a greater immune
response against the capsid58 and generate off-target effects. The
type of promoter used for transgene expression can dictate the dosage,
as an adipose-specific promoter is much less potent than that of a
ubiquitous promoter such as hybrid cytomegalovirus enhancer/
chicken b-actin (CBA or CAG) or cytomegalovirus (CMV). As a
result, systemic delivery usually utilizes an adipose-specific promoter
with a higher dose, while local delivery can be achieved by using a
CBA or CMV promoter with a lower dosage. Of note, adipose tis-
sue-specific promoters that are used in AAV vectors contain only
basic or core components due to limited capacity to accommodate
the DNA sequence in the AAV vector. Furthermore, liver- and
heart-specific abundant miRNAs could be mobilized to de-target or
suppress transgene expression in liver and heart if those miRNA
target sequences are embedded in the vectors. Regulatory elements,
such as the woodchuck hepatitis post-transcriptional regulatory
element (WPRE), are built into some rAAV vectors to enhance trans-
gene expression, which can serve as a target for restricting off-target
transgene expression. We summarize the literature regarding rAAV
vectors and dosage for gene delivery to adipose tissue in this review.
Of note, comparisons of AAV vectors in adipose tissue based on pre-
vious reports, particularly among different laboratories, come with a
caveat due to the difficulties in vector packaging and quantification.
The following AAV serotypes have been shown to effectively trans-
duce adipose tissue in vivo.

AAV1

Mizukami et al.59 first reported that AAV1 can transduce adipose tis-
sue better than do other AAV serotypes (1–5) tested. In the study, 6�
1010 viral genomes (vg) of AAVs were locally injected into an inguinal
WAT (iWAT) for comparison of serotypes with b-galactosidase
238 Molecular Therapy: Methods & Clinical Development Vol. 19 December 2020
(LacZ) as a reporter gene driven by the CMV
promoter. However, a dose of 2 � 1011 vg of
AAV1 vector carrying the therapeutic gene
erythropoietin (Epo) was needed to achieve an
elevated Epo level in the circulation. Pluronic
F88, a nonionic surfactant, was added to aid
transduction. The authors did not observe any
damage in adipose tissue despite the high
dose. The same group also reported that adipose
transduction required a dose of 2 � 1011 vg/
mouse to achieve a similar plasma Epo level as that obtained by mus-
cle- or liver-mediated gene transfer (6 � 1010 vg/mouse), indicating
low transduction efficiency of AAV1 to adipose tissue even with the
addition of Pluronic F88.59,60 Later, another nonionic surfactant, ce-
lastrol, was shown to enhance transgene expression in adipose tissue
by inhibiting proteasome activity of AAV1.61 However, these
nonionic surfactants have limited efficacy, and searching for new can-
didates of natural serotypes or engineered serotypes would help facil-
itate efficient transduction of adipose tissue. Between 2013 and 2014,
four research laboratories reported that AAV8 and Rec2, an engi-
neered serotype, possess a capacity to efficiently transduce adipose tis-
sue.62–65 Since then, most research was reported by using either
AAV8 (Table 1) or Rec2 serotype in targeting adipose tissue (Table 2).

AAV8 and AAV9

In the search for AAV serotypes with higher tropism to adipose tissue,
Bosch and colleagues62 made another screening attempt to include
the then newly reported serotypes AAV7, AAV8, and AAV9. Pro-
moter selection and incorporation of tissue-specific miRNA target
sites in the 30 UTR of transgene were deployed for transgene expres-
sion in WAT and BAT based on the route of delivery.

Direct Adipose Injection

The ubiquitous promoters such as CMV early enhancer/CBA (CAG)
and CMV promoters are used with reporter genes such as enhanced
green fluorescent protein (EGFP) and red fluorescent protein (RFP).
The dosage for epididymal WAT (eWAT) and iWAT of adult mice is
at 2.0� 1011 vg (EGFP) or for BAT at 2� 109 vg (EGFP) or 1� 1010

vg (RFP). The group observed that AAV8 and AAV9 outperformed
other serotypes (AAV1, AAV2, AAV3, AAV5, AAV6, and AAV7)
tested in eWAT and iWAT, while AAV7, AAV8, and AAV9 showed
superior transduction in BAT over other serotypes (AAV1, AAV2,
and AAV5) tested.62

Intravenous (i.v.) Delivery

With tail vain injection of AAV8-CAG-GFP or AAV9-CAG-GFP at
an extremely high dose of 5 � 1012 vg in lean mice, GFP expression
wasmainly distributed in eWAT and BAT formale ICR (albino) adult
mice, while no difference was observed between AAV8 and AAV9 in
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Table 1. Examples of AAV Serotypes 1, 8, and 9 Used to Transduce Adipose Tissue in Functional Studies

References Serotype Animal Model (Model, Sex, Age) Transgene Cassette
Administration
Route Dose (vg)

Duration of
Experiment

Adipose
Transduction

Jimenez et al.62 AAV1 C57BL/6/J, male, 9–13 weeks CMV-GFP or RFP intra-BAT 1 � 1010 2 weeks ineffective

C57BL/6/J, male, 9–13 weeks CMV-GFP or RFP intra-eWAT 2 � 1011 2 weeks ineffective

Zhang et al.61 AAV1 Kunming LacZ intra-iWAT 1 � 1010 4 weeks effective

Mizukami
et al.59

AAV1 C57BL/6/J, 10–12 weeks CMV-Epo or LacZ
direct
subcutaneous fat

6 � 1010 2 weeks effective

db/db, 10–12 weeks CMV-Epo
direct
subcutaneous fat

6 � 1010 2 weeks effective

db/db, 10–12 weeks CMV-Epo
direct
subcutaneous fat

2 � 1011 4 weeks effective

Liu et al.65 AAV1 C57BL/6, 6 weeks CBA-GFP-WPRE intra-iWAT 1 � 1010 4 weeks ineffective

C57BL/6, 6 weeks CBA-GFP-WPRE intra-BAT
1 � 109 per
pad

4 weeks ineffective

Uhrig-Schmidt
et al.64

AAV1 C57BL/6 CMV-EGFP intra-eWAT 4.2 � 1010 4 weeks ineffective

Jimenez et al.62 AAV8 C57BL/6/J, male, 9–13 weeks AAV8-mini/UCP1-HK2 intra-BAT 7 � 1010 2 weeks effective

C57BL/6/J, male, 9–13 weeks AAV8- or AAV9-CAG-GFP intra-BAT 2 � 109 2 weeks effective

C57BL/6/J, male, 9–13 weeks AAV8- or AAV9-mini/UCP1-GFP intra-BAT 2 � 1011 2 weeks effective

C57BL/6/J, male, 9–13 weeks AAV8-mini/UCP1-HK2 intra-BAT 7 � 1010 2 weeks effective

C57BL/6/J, male, 9–13 weeks; ICR,
male, 8–12 weeks

AAV8- or AAV9-CAG-GFP intravenous 5 � 1012 2 weeks effective

ob/ob and db/db, male, 8 weeks AAV8- or AAV9-CAG-GFP intravenous 3 � 1012 2 weeks effective

C57BL/6/J, male, 9–13 weeks AAV8- or AAV9-CAG-GFP intravenous 3 � 1012 1 month effective

C57BL/6/J, male, 9–13 weeks AAV8- or AAV9-CAG-null intravenous 2 � 1012 2 weeks effective

C57BL/6/J, male, 9–13 weeks CAG or CMV-GFP
intra-iWAT,
intra-eWAT

2 � 1011 2 weeks effective

O’Neill et al.63 AAV2/8 C57BL/6/J, 8–12 weeks CMV-EGFP and luciferase intravenous 1 � 1012 2 weeks effective

C57BL/6/J, 8–12 weeks AAV2/AAV8-Adipo-EGFP intravenous 1 x 1012 2 weeks effective

ob/ob, male, 9–10 weeks
AAV2/AAV8-Adipo-EGFP-
miR122(8)

intravenous 1 � 1012 2 weeks effective

ob/ob, male, 6 weeks
AAV2/AAV8-Adipo-leptin-
miR122(8)

intravenous 1 � 1012 8 weeks effective

Uhrig-Schmidt
et al.65

AAV8 C57BL/6, male, 8 weeks CMV-EGFP intra-eWAT
4.2 � 1010

per pad
4 weeks effective

C57BL/6, female, 8 weeks CMV-EGFP intravenous 1 � 1012 3 weeks effective

C57BL/6, female, 8 weeks mAP2.2-EGFP intravenous 1 � 1012 3 weeks effective

C57BL/6, female, 8 weeks mAP2.2-PlinA intravenous 1 � 1012 3 weeks effective

Jimenez et al.66 AAV8 ob/ob, male, 11 weeks
CAG-FGF21-miRT122a(4) and
miRT1(4)

intra-eWAT 1 � 1010 14 weeks effective

ob/ob, male, 11 weeks
CAG-FGF21-miRT122a(4) and
miRT1(4)

intra-eWAT 5 � 1010 14 weeks effective

ob/ob, male, 11 weeks
CAG-FGF21-miRT122a(4) and
miRT1(4)

intra-eWAT 2 � 1011 14 weeks effective

ob/ob, male, 11 weeks
CAG-FGF21-miRT122a(4) and
miRT1(4)

intra-eWAT 1 � 1012 14 weeks effective

Lagarrigue
et al.67

AAV8 Cdk4flox/flox, 20 weeks mini/aP2-Cre intravenous 4 � 1012 3 weeks effective

Albert et al.68 AAV8 AdRiKO, male, 10–14 weeks CAG-RFP, CAG-human Akt intra-BAT 2 � 1011 2 weeks effective

AAV9 AdRiKO, male, 10–14 weeks CMV-HK2 intra-BAT 2 � 1011 2 weeks effective

(Continued on next page)
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Table 1. Continued

References Serotype Animal Model (Model, Sex, Age) Transgene Cassette
Administration
Route Dose (vg)

Duration of
Experiment

Adipose
Transduction

Jimenez et al.62 AAV9 C57BL/6/J, male, 9–13 weeks AAV9-mini/aP2-null or HK2 intra-eWAT 1.4 � 1012 2 weeks effective

C57BL/6/J, male, 9–13 weeks AAV9-mini/aP2-SeAP intra-eWAT 2 � 1012 2 weeks effective

C57BL/6/J, male, 9–13 weeks AAV8- or AAV9-CAG-GFP intra-BAT 2 � 109 2 weeks effective

C57BL/6/J, male, 9–13 weeks AAV9-mini/UCP1-VEGF164 intra-BAT 2 � 1011 2 weeks effective

C57BL/6/J, male, 9–13 weeks; ICR,
male, 8–12 weeks

AAV8- or AAV9-CAG-GFP intravenous 5 � 1012 2 weeks effective

ob/ob and db/db, male, 8 weeks AAV8- or AAV9-CAG-GFP intravenous 3 � 1012 2 weeks effective

C57BL/6/J, male, 9–13 weeks AAV8- or AAV9-CAG-GFP intravenous 3 � 1012 1 month effective

C57BL/6/J, male, 9–13 weeks AAV8- or AAV9-CAG-null intravenous 2 � 1012 2 weeks effective

C57BL/6/J, male, 9–13 weeks
AAV9-mini/aP2 or mini/UCP1-
GFP

intravenous 2 � 1012 2 weeks effective

C57BL/6/J, male, 9–13 weeks AAV9-mini/UCP1-VEGF164 intravenous 8 � 1012 1 month effective

C57BL/6/J, male, 9–13 weeks
AAV9-CAG-GFP-miR122a or
miRT1 or double miRT1

intravenous 1 � 1012 2 weeks effective

C57BL/6/J, male, 9–13 weeks CAG or CMV-GFP
intra-iWAT,
intra-eWAT

2 � 1011 2 weeks effective

AAV, adeno-associated virus; CMV, cytomegalovirus; GFP, green fluorescent protein; RFP, red fluorescent protein; BAT, brown adipose tissue; eWAT, epididymal white adipose
tissue; LacZ, gene that encodes for b-galactosidase; iWAT, inguinal white adipose tissue; Epo, erythropoietin; CBA, chicken b-actin; WRPE, woodchuck hepatitis virus post-transcrip-
tional element; EGFP, enhanced green fluorescent protein; UCP1, uncoupling protein 1; HK2, hexokinase II; CAG, promoter with cytomegalovirus/chicken b-actin elements; Adipo,
adiponectin promoter; miR, microRNA; mAP2.2, murine adiponectin promoter; PlinA, perilipin A; FGF21, fibroblast growth factor 21; aP2, adipocyte protein 2; SeAP, placental-
derived secreted alkaline phosphatase; VEGF, vascular endothelial growth factor.
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terms of transduction. However, for male adult C57BL/6 mice with a
tail vein injection of AAV9-CAG-GFP, GFP expression was distrib-
uted throughout the five fat pad depots tested.62 The highest GFP
expression was observed in mesenteric WAT (mWAT) and BAT, fol-
lowed by iWAT and retroperitoneal WAT (rWAT). eWAT had the
least GFP expression. Lower doses (5 � 1010 vg and 5 � 1011 vg)
also yielded GFP expression, but at greatly reduced efficiency. No
sex difference for C57BL/6 mice was observed in AAV9-mediated
transduction of various adipose depots except for eWAT.With i.v. de-
livery of AAV8-CAG-GFP or AAV9-CAG-GFP at a high dose of 3�
1012 vg in obese mice, GFP expression was distributed throughout five
fat pad depots in male adult ob/ob mice. iWAT had the most GFP
from AAV8, while iWAT and eWAT had the most GFP from
AAV9. Other fat pad depots had substantial GFP expression from
both AAV8 and AAV9. However, male adult db/db mice showed a
different landscape. GFP was mostly expressed in iWAT from both
AAV8 and AAV9. Thus, systemic administration of AAV8 and
AAV9 led to uneven transgene expression at different fat pad depots
among C57BL/6, male ICR, ob/ob, and db/db mice. This interesting
observation suggests that the extent of adiposity associated with insu-
lin resistance and mouse strain background may influence AAV vec-
tor-mediated gene transfer in specific fat pad depots. The previous
report showed that the mouse genetic background affects the ability
of AAV vectors to transduce the brain.77 Thus, mouse strain and
metabolic status as well as administration routes are factors to be
considered when choosing AAV vectors for gene delivery to desired
adipose depots. Of note, systemic administration of AAV8 or
240 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
AAV9 did not provoke immune cell infiltration in WAT, BAT, or
liver while widespread transduction in these tissues occurred.62

Mitigating Off-Target Effects

As AAV8 and AVV9 were shown to transduce liver and heart by local
delivery in eWAT and BAT in this study,62 other studies also previ-
ously indicated that AAV8 and AAV9 are capable of transducing
the liver and heart.78,79 Therefore, Bosch and colleagues62 used two
approaches to mitigate off-target effects. First, they added the target
sequence of miRNA (miR)122a and miRT1 to the 30 UTR of the
AAV vector, so that abundant miR122 and miRT1 in the liver and
heart, respectively, can act on their target sequences and thereby sup-
press transgene expression.80 Second, they used an adipose tissue-spe-
cific promoter to avoid off-target transgene expression. Due to the
size limitation of AAV vectors, the short version (so-called mini-pro-
moters) were used, for example, adipocyte protein 2 (mini/aP2) for
WAT, and uncoupling protein 1 (mini/UCP1) for BAT. The second
approach required a higher dose (5- to 20-fold) because adipose-spe-
cific mini-promoters are significantly less potent than ubiquitous pro-
moters. The local delivery of AAV8 or AAV9-mini/aP2-GFP at a high
dose of 1 x 1012 vg showed GFP expression in WAT without detect-
able GFP in liver, heart, and BAT. Meanwhile, local delivery of AAV8
or AAV9-mini/UCP1-GFP at a dose of 2� 1011 vg achieved efficient
transduction of brown adipocytes with a marginal expression of GFP
in liver and no detectable GFP in the heart. The i.v. delivery of AAV8-
and AAV9-mini/aP2 or -mini/UCP1 at a dose of 2 � 1012 vg also
achieved highly adipose-specific GFP expression in WAT and BAT
ber 2020
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with insignificant or no detectable GFP in liver and heart,
respectively.

Transgene Functional Readout

Hexokinase 2 (HK2) is key enzyme in glucose metabolism. Bosch and
colleagues62 were able to show that overexpression of HK2 in adipo-
cytes isolated from transduced eWAT byAAV9-CMV-HK2 (2� 1011

vg) enhanced insulin-stimulated glucose uptake. Furthermore, in vivo
experiments demonstrated that eWAT treated by local delivery of
AAV9-mini/aP2-HK2 at a dose of 1.4 � 1012 vg exhibited about a
3-fold increase in glucose uptake compared with the eWAT from
AAV9-mini/aP2 null, while the BAT and heart of both groups
showed no difference in glucose update. Local delivery of AAV8-
mini/UCP1-HK2 at a dose of 7 � 1010 vg also exhibited increased
glucose uptake in BAT, but not the eWAT and heart. Similarly,
intra-BAT injection of AAV9-mini/UCP1-vascular endothelial
growth factor (VEGF) isoform 164 (VEGF164) at a dose 2 � 1011

cg resulted in murine VEGF164 overexpression in BAT with
increased vasculature density.62 In addition, the AAV9-mini/aP2 vec-
tor can also transduce eWAT and generate secretory protein and
maintain its presence in circulation for at least 140 days, as indicated
by placental-derived secreted alkaline phosphatase (SeAP) serum
level in male adult mice after 2 � 1012 vg of AAV9-mini/aP2-SeAP
was introduced into eWAT by local delivery. As mini/aP2 or mini/
UCP1 promoters are much less potent than CAG promoters, it is
not surprising that systemic administration of AAV9-min/UCP1-
VEGF164 requires a dose as high as 8 � 1012 vg to achieve
VEGF164 overexpression with increased vasculature density in
BAT.62

In collaboration with the Bosch group, one team showed that sys-
temic delivery of AAV8-mini/aP2-Cre at a dose of 4 � 1012 vg in
Cdk4flox/flox adult male mice significantly decreased Cdk4 mRNA in
eWAT and subcutaneous adipose tissue, resulting in reduction of
fat mass and adipocyte size without affecting lean mass.67 Another
team applied AAV9-CMV-HK2 and AAV8-CAG-human AktS473D

to adult AdRiKO mice by local delivery to BAT at a dose of 2 �
1011 vg.68 AdRiKO mice are defective in mTORC2 signaling and
thereby thermogenesis.68,81 Overexpression of HK2 or constitutively
active Akt2 (AktS474D) mitigated the thermogenic defect in AdRiKO
mice. The data indicate that mTORC2-Akt signaling regulated BAT
glucose uptake and thereby thermogenesis.

Transgene Therapeutic Efficacy

One study in 2012 used AAV9 for correcting very long-chain acyl-
CoA (coenzyme A) dehydrogenase (VLCAD) deficiency. As the focus
of the study was on the therapeutic effect, the AAV9 vector with the
CBA promoter was used to deliver transgene-VLCAD via i.v. admin-
istration at a dose of 1� 1012 vg. As a result, VLCAD overexpression
was found mostly in liver and muscle, then followed by BAT, gonadal
WAT (gWAT), and other tissues.82 To target adipose tissue for a
translational study, Bosch and colleagues62 used the same strategy
from their earlier study to introduce FGF21 in eWAT of ob/ob
mice with a dosage of 1 � 1010, 5 � 1010, 2 � 1011, and 1 � 1012
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vg per mouse by local delivery. miR122a and miRT1 target sequence
were added to the 30 UTR of the FGF21 expression cassette (AAV8-
CAG-FGF21-dmiRT). AAV8-CAG-FGF21-dmiRT transduced
eWAT with a clear dose-dependent modulation of weight gain, and
achieved substantial FGF21 levels in circulation, thereby alleviating
the obesity phenotype.66 The therapeutic effect persisted about
14 weeks. Their study demonstrates that AAV8-mediated transgene
overexpression in eWAT is sufficient enough to achieve a systemic
and therapeutic effect.

In addition to the studies by Bosch and colleagues, Reilly and col-
leagues63 reported that AAV8 exhibited adipose tissue transduction
better than that of AAV2 and AAV7 by examining reporter expres-
sion (CMV-luciferase or EGFP) via i.v. delivery at a dose of 1 �
1012 vg. Substantial reporter signals in the liver and heart were
observed, consistent with previous reports.62,66,83 A similar strategy
to that of Bosch’s group was applied to include the human adiponec-
tin distal enhancer, proximal promoter, and miR122 target sequence
of three or eight repeats in the expression cassette to mitigate off-
target effects. Indeed, i.v. delivery of AAV2/8-Adipo (adiponectin
promoter)-EGFPmiR122(8x) resulted in EGFP expression selectively
in adipose tissue of male adult C57BL/6 mice. EGFP expression in
different fat depots by AAV8 in this study has a similar distribution
pattern as AAV9.62 As proof of efficacy, AAV2/8-Adipo-leptin

miR122(8x) was systemically administered into male adult ob/ob mice
at a dose of 1 � 1012 vg per mouse. Gene therapy led to circulating
leptin levels at approximately 7% of that observed in age-matched
wild-type mice throughout duration of the study coupled with a
steady loss of food intake and body weight. Therapeutic effect was
achieved and maintained for 50 days after AAV injection.

At same time, Kreuz and colleagues64 also found that AAV8-CMV-
EGFP transduced adipose tissue more efficiently than did other
AAV serotypes (AAV1, AAV2, AAV5, and AAV6) by i.v. delivery
at a dose of 1� 1012 vg. By using a 2.2-kb fragment of murine adipo-
nectin promoter (mAP2.2), AAV8-mAP2.2-EGFP transduced subcu-
taneous and visceral fat depots while significantly limiting off-target
transduction. When AAV8-mAP2.2-mediated perilipin A (a lipid
droplet-associated protein) was tested in adult male C57BL/6 mice,
the treatment resulted in robust perilipin A expression in subcutane-
ous and visceral fat depots, and significant changes in metabolic pa-
rameters (serum-free fatty acids, blood glucose, and the respiratory
exchange ratio).

Taken together, AAV8 and AAV9 outperform other naturally occur-
ring serotypes with regard to transducing adipose tissues. However, a
relatively high dose on the order of 1011 or 1012 vg is required for sys-
temic administration or even local delivery to mice to achieve a ther-
apeutic effect. Moreover, AAV8 is a preferable serotype for liver gene
delivery,14,84 and AAV9 for heart, muscle, or the central nervous sys-
tem,14,85–87 indicating the challenge of avoiding off-target liver, heart,
or muscle tissue transduction with AAV8 and AAV9 vectors. One
possible solution is to engineer capsids to improve adipose tissue
tropism.
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Table 2. Examples of AAV Rec2 Serotype Used to Transduce Adipose Tissue in Functional Studies

References Serotype
Animal Model (Model,
Sex, Age) Transgene Cassette Administration Route Dose (vg)

Duration of
Experiment

Adipose
Transduction

Liu et al.65 Rec2 C57BL/6, 6 weeks CBA-GFP intra-iWAT 1 � 1010 4 weeks effective

C57BL/6, 6 weeks CBA-GFP
direct intraperitoneal WAT
injection

1 � 1010 10 days effective

IRflox, male, 6 weeks CBA-Cre intra-BAT 1 � 109 8 weeks effective

IRflox, female, 6 weeks CBA-Cre intra-iWAT 1 � 1010 8 weeks effective

Huang
et al.69

Rec2 C57BL/6, 6 weeks CBA-GFP oral 5 � 109 2 weeks effective (BAT)

C57BL/6, 6 weeks CBA-GFP intra-BAT 1 � 109 2 weeks effective

C57BL/6, 6 weeks CBA-GFP intravenous 2 � 1010 2 weeks ineffective

C57BL/6, 6 weeks CBA-GFP oral 2 � 1010 2 weeks effective (BAT)

C57BL/6, 6 weeks CBA-GFP-miR122(4)-WPRE oral 2 � 1010 2 weeks effective (BAT)

VEGF (loxP) CBA-Cre oral 2 � 1010 6 weeks effective (BAT)

Zhu
et al.70

Rec2 TRE-Cx43 CBA-Cx43 intra-iWAT 1 � 109 4 weeks effective

Xie et al.71 Rec2 C57BL/6 DIO
U6-shSWELL1-CMV-mCherry,
male, 8 weeks

retro-orbital 1 � 1011 17 weeks effective

Ng et al.72 Rec2
C57BL/6, male, 8–
10 weeks

CBA-miR32-WPRE intra-BAT 1 � 108 not available effective

C57BL/6, male, 8–
10 weeks

CBA-miR32-WPRE intra-iWAT 1 � 109 not available effective

Zhang
et al.73

Rec2 C57BL/6, male, 6 weeks U6-shSWELL1-CMV-mCherry intra-iWAT 1 � 1010 16 weeks effective

C57BL/6, male, 6 weeks U6-shSWELL1-CMV-mCherry intra-iWAT 1 � 109 16 weeks effective

C57BL/6, male, 6 weeks
(HFD)

U6-shSWELL1-CMV-mCherry intra-iWAT 2 � 109 16 weeks effective

Huang
et al.74

Rec2 BALB/c, male CBA-GFP intraperitoneal
2 � 1010 (per
mouse)

2 weeks effective

BALB/c, male CBA-GFP intraperitoneal
5 � 108 (per
mouse)

2 weeks ineffective

BALB/c, male CBA-GFP intraperitoneal
2 � 109 (per
mouse)

2 weeks ineffective

BALB/c, male CBA-GFP intraperitoneal 1 � 1010 2 weeks effective

C57BL/6, 8–12 weeks
CBA-dual cassette-albumin-miR-
WPRE

intraperitoneal 1–4 � 1010 2 weeks effective

ob/ob, male, 6 weeks
CBA-dual cassette-leptin-albumin-
miR-WPRE

intraperitoneal
4 � 1010 (per
mouse)

9 weeks effective

Xiao
et al.75

Rec2 C57BL/6, male, 6 weeks
CBA-dual cassette-IL-15/IL-15a-
albumin-miR-WPRE

intraperitoneal 2 � 1010 5 weeks effective

Huang
et al.76

Rec2
C57BL/6 PTENflox, male,
9 weeks

CBA-Cre-albumin-miR-WPRE intra-iWAT 2 � 1010 7 weeks effective

C57BL/6 PTENflox,
female, 9 weeks

CBA-Cre-albumin-miR-WPRE intraperitoneal 2 � 1010 7 weeks effective

CBA, chicken b-actin; GFP, green fluorescent protein; iWAT, inguinal white adipose tissue; WAT, white adipose tissue; BAT, brown adipose tissue; miR, microRNA; WRPE, wood-
chuck hepatitis virus post-transcriptional element; VEGF, vascular endothelial growth factor; Cx43, connexin 43; U6, type III RNA polymerase III promoter; SWELL, protein product
of the gene LRRC8a (leucine-rich repeat containing proteins); CMV, cytomegalovirus; PTEN, phosphatase and tensin homolog.
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Capsid Engineering

AAV capsid engineering can be divided into two categories: rational
design and directed evolution.14 The structure of AAV2 has been
determined to 3-Å resolution by X-ray crystallography.88 The most
242 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
prominent features of the structure are groups of 3-fold-related peaks,
each an intimate association of loops from two neighboring subunits.
Mutations affecting cell entry and receptor binding are clustered near
the positively charged side of each peak, implicating the region in
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attachment to the cellular receptor. Thus, capsid engineering by
rational design is based on guidance of the structure information of
parent serotype, including genetic mutation of the AAV capsid that
optimizes intracellular processing and insertion of high-affinity pep-
tides into the common VP3 region while disrupting native cellular
binding motifs.89 Most recently, a new method is being developed
to reveal the capsid whole landscape picture by generating all sin-
gle-codon mutants of the AAV2 Cap gene.90 It will further guide
rational design for capsid tailoring cellular targeting. Alternatively,
directed evolution strategies utilize natural evolution of AAV serotype
diversity for tissue tropism and rely on random processes, including
capsid gene fragments shuffling among characterized serotypes,
random peptide insertion into a known site of the AAV capsid
(AAV peptide display), and error-prone (EP) PCR (or PCR-based
mutagenesis) to produce the large number of randomly generated
capsid mutants of a library, followed by screening in targeting cell
lines.91 To simplify the screening process, a new method, i.e., bar-
coded rational AAV evolution, was recently generated by the combi-
nation of rational design and directed evolution. This approach en-
ables efficient selection of engineered capsid structures on a large
scale using a single screening round in vivo.92 However, few efforts
have been reported with regard of capsid engineering targeting adi-
pose tissues.

Rec2

Six engineered serotypes (Rec1–Rec6) were generated through capsid
domain exchange or shuffling among AAV8, cy5 (cynomolgus ma-
caque-variant 5), rh20 (rhesus macaque-variant 20), and rh39 (rhesus
macaque-variant 39) in an attempt to create a novel hybrid to target
the retina more efficiently by the During and colleagues.93 Mouse and
primate studies indicated that the novel serotypes transduced retina
tissue no better than AAV2 or AAV5.93 The studies described below
show that out of the engineered serotypes, Rec2 was found to effec-
tively transduce adipose tissue and has since been used in several
gene therapy studies in adipose tissue. However, the mechanism of
Rec2 tropism to adipose tissue is still unknown. Although Rec2 capsid
is currently not widely distributed, its full amino acid sequence is
published.93

Direct Adipose Injection

In searching for a tool to genetically manipulate adult adipose tissue,
we assessed several hybrid capsids among this family (Rec1, Rec2,
Rec3, and Rec4) by direct injection to WAT and BAT, and compared
them with AAV1, AAV8, and AAV9. The cis plasmid consists of a
CBA (hybrid CMV-CBA) promoter, transgene, WPRE, and bovine
growth hormone polyadenylation signal flanked by an AAV2 ITR.
The Rec2 serotype exhibited widespread transduction in both WAT
and BAT, with the highest efficiency among the seven serotypes
tested.65 After a single dose of 1� 1010 vg directly to one iWAT depot
in adult C57BL/6 mice, the Rec2 vector resulted in GFP expression
more than 2-fold higher than that of AAV8,65 whereas it resulted
in much lower GFP expression in the liver compared to mice injected
with AAV1, AAV8, and AAV9. Similarly, Rec2 transduced BATmore
efficiently than did AAV1, AAV8, and AAV9 at a dose of 1 � 109 vg
Molecular The
bilaterally. Our data suggest that the Rec2 serotype, based on domain
shuffling between AAV8 and rh20, is an improvement of AAV8 with
respect to adipose transduction.

To assess the functional efficacy of AAV-mediated adipose gene
transfer, Rec2 vector harboring Cre recombinase under the control
of the CBA promoter was injected to the adipose tissue of insulin re-
ceptor floxed (IRlox) mice. Injection of Rec2-Cre at a dose of 1� 1010

vg per fat pad to iWAT of adult female IRlox mice and BAT of adult
male IRlox mice at a dose of 2� 109 vg led to a 50% decrease of insulin
receptor protein level and the ensuing loss of fat mass, representing
molecular and morphological changes consistent with impaired adi-
pose function.65 In addition, direct adipose injection of Rec2-Cre at
these low doses showed minimal effect on insulin receptor in liver
and muscle. In collaboration with our group, other laboratories
have applied Rec2 vectors to genetically manipulate adipose tis-
sues.70–73

i.v. Injection

Rec2 displays interesting tissue tropism dependent on administration
route. i.v. injection of Rec2 vector (2 � 1010 vg per mouse) to the tail
vein led to primarily liver transduction in adult female C57BL6 mice,
adult male diet-induced obesity (DIO) mice, and adult female db/db
mice in a C57BL/6 background.94

Oral Administration

A surprising finding is that oral administration of Rec2 results in pref-
erential transduction of BAT with absence of transduction in the
gastrointestinal track. Among the six natural and engineered sero-
types being compared (Rec1–Rec4, AAV1, AAV8) with a dose of
2 � 1010 vg per mouse via oral gavage, Rec2 achieved the highest
GFP reporter level in BAT of adult C57BL/6 mice.69 Decreasing the
dose highly favored transduction of BAT than liver. Oral administra-
tion of Rec2-GFP at the dose of 5� 109 vg per mouse resulted in GFP
content in BAT at least 10-fold higher than that in the liver. To further
restrict transgene expression in the liver, we generated Rec2 vector
with four repeats of the miR-122 target sequence. When orally
administered at a high dose (2 � 1010 vg per mouse), the transgene
mRNA level in the BAT was 100- to 500-fold higher than that in
the liver of the same mouse. Given the exceptionally high efficiency
of the Rec2 vector to transduce BAT via direct injection, we compared
the gene delivery efficiency of the Rec2 vector between oral adminis-
tration and direct fat injection with Rec2-luciferase. Interestingly, oral
administration of the Rec2 vector at the dose of 5� 109 vg per mouse
led to a 3-fold higher transduction than did direct BAT injection at
the dose of 5 � 108 vg per mouse. To assess whether oral administra-
tion of the Rec2 vector could genetically manipulate BAT functions,
we targeted VEGF in BAT. A loss-of-function study via Cre-LoxP
knockdown and a gain-of-function study via overexpressing VEGF
at the dose of 2� 1010 vg per mouse showed robust transgene expres-
sion in BAT, and significantly affected BAT mass and functions. This
study was the first to show that an engineered AAV serotype is highly
efficient to transduce distant tissues from gastrointestinal track via
oral administration. Moreover, the dose of oral administration to
rapy: Methods & Clinical Development Vol. 19 December 2020 243
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achieve the high level expression of transgene in mice appears com-
parable to direct injection to the BAT in the range of 109 vg per
mouse, which is approximately 2–3 orders lower than most reported
doses of i.v. injection.62,63 Another interesting finding is that oral
gavage and tail vein injection showed a distinctive profile of kinetic
tissue distribution of viral vector DNA after Rec2 vector administra-
tion. Oral administration of Rec2 led to a very limited vector presence
in the blood. In contrast, the viral vector was detected in thymus
earlier than in the blood. Furthermore, as early as 10 min after oral
gavage, high levels of viral vectors were found in the mesenteric fat
that is rich in lymph nodes, but the levels declined over time. Thus,
we hypothesize that oral administration of Rec2 vector leads to
BAT transduction through the lymphatic system. The Rec2 vector
could drain into the lymphatic system through transcytosis from
the small intestine to lymph nodes in mesenteric fat, which requires
future investigations. It is also important to investigate whether sex
influences the efficacy of oral gene therapy.

Intraperitoneal (i.p.) Injection

Visceral adipose tissues are of particular interest to studies on obesity
and related metabolic disorders, but they are less accessible to direct
injection of viral vectors. Thus, we attempted i.p. injection and found
that the Rec2 vector at the dose ranging from 1 � 1010 to 2� 1010 vg
per mouse resulted in high-level transgene expression (luciferase and
GFP as reporters) in multiple visceral fat depots, including gonadal,
retroperitoneal, and mesenteric fat depots,74 whereas no transgene
expression were detected in small intestine, large intestine, spleen,
kidney, and testis. However, heart and additional tissues have not
been examined. Of note, mesenteric adipose tissue is difficult to sur-
gically access. Thus, i.p. injection of the Rec2 vector could serve as a
particularly useful tool to genetically manipulate this fat depot. In
addition to visceral fats, liver was also transduced considerably. To
mitigate liver transduction, we developed a novel AAV expression
plasmid harboring two expression cassettes, one using the non-selec-
tive CBA promoter to drive transgene expression, and the other using
the liver-specific proximal albumin promoter to drive a miRNA-tar-
geting WPRE sequence that only exists in this AAV vector.74 This
dual-cassette vector achieved highly selective transduction of visceral
fats while severely restricting off-target transduction of liver at a dose
of 2 � 1010 vg/mouse via i.p. injection.74

In a proof-of-concept study using a mouse model of a human genetic
disease, i.e., congenital leptin deficiencies, i.p. administration of the
dual-cassette Rec2 vector delivering murine leptin gene to visceral
fat of ob/ob mice corrected leptin deficiency and related obesity and
the metabolic syndrome.74 Although caution should be taken when
comparing results from different laboratories, the new system showed
remarkable therapeutic efficacy compared to a previous report using
the same animal model of ob/ob mice (i.v. injection of an AAV8 vec-
tor expressing leptin controlled an by adipose-specific promoter and
the miR122 target sequence:64 the dose of i.p. Rec2 vector was at least
25-fold lower [4 � 1010 versus 1 � 1012 vg per mouse]); our system
normalized a circulating leptin level close to the wild-type level versus
�7% of the wild-type level achieved by reported i.v.. injection; our
244 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
AAV treatment completely reversed ob/ob abnormalities versus par-
tial alleviation by reported i.v. treatment.74

More recently, the dual-cassette Rec2 vector enabled us to reveal an
“adipose phosphatase and tensin homolog (PTEN)-leptin-sympa-
thetic nervous system” feedback loop that regulates adipose distribu-
tion, which could not be discovered by currently available transgenic
mice approaches.76 In the study, we applied the dual-cassette Rec2
vector to deliver transgene-Cre at a dose of 2 � 1010 vg to adult
male and female Ptenlox/lox mice (C57BL/6 background) through
i.p. administration.

To explore the additional therapeutic potential, we used the dual-
cassette Rec2 vector to deliver an interleukin (IL)-15/IL-15Ra com-
plex to the visceral fat of adult male C57BL/6 mice by i.p. injection.
A single dose of the Rec2-IL-15/IL-15Ra complex (2 � 1010 vg per
mouse) led to the expansion of NK cells in the adipose tissue and
spleen in normal mice without a notable side effect. This gene therapy
significantly suppressed the growth of subcutaneously implanted
Lewis lung carcinoma by 50% and extended the median survival by
approximately 40% in a B16-F10 melanoma metastasis model. The
potent antitumor effect and lack of demonstrable toxicity in mouse
models of cancer validate the concept of targeting adipocytes for can-
cer gene therapy.75

In summary, this novel rAAV (dual-cassette vector) system combines
several elements, including the adipocyte tropism of an engineered
serotype Rec2, the easy access of i.p. administration, and a new
build-in mechanism preventing off-target transgene expression in
liver, to achieve highly selective gene delivery to multiple visceral
fat depots whose dysfunction is strongly associated with adverse
metabolic outcomes. This new rAAV vector system can provide a
powerful tool to genetically manipulate visceral fat for both basic
research and potential therapeutic applications possibly beyond adi-
pose-related disorders. However, limitations remain and additional
properties of the Rec2 serotype require further characterization.

Future Directions

To date, Rec2 vectors are tested only in mouse models, and their
transduction efficiency in other species are unknown. Moreover, im-
mune profiles of Rec2-based AAV vectors have not been investigated,
which is necessary to evaluate the advantage or disadvantage of adi-
pose tissue in comparison to liver and muscle as targeting tissue for
gene therapy. Data on the duration of transgene expression in adipose
tissues are limited. We and collaborators observed sustained trans-
gene expression with the Rec2 vector at least up to 5 months in
mice.73 To our knowledge, the long-term (at least 1 year) efficacy of
AAV vectors for adipose tissue has not been documented, though
AAV8 or AAV9 vectors have been evaluated for long-term studies
in liver or muscle tissues.1,14,95 As adipose tissue is a dynamic organ
and subjected to size and mass dramatic changes in response to nutri-
tional demands and environmental cues in addition to the episomal
cellular location of AAV, AAV vectors may be lost during the adipose
tissue renewal process. A previous study indicated that up to 80% of
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epididymal adipocytes and 3% of inguinal adipocytes died after a few
months of high-fat feeding in rodents, indicating that renewal of ad-
ipocytes is fat depot-specific.37 Thus, depending on which fat depot is
to be targeted by the AAV vector, long-term evaluation for AAV vec-
tor efficacy in adipose tissue should be addressed for translational
purposes in the future.

Another limitation is selective transduction of adipose tissue with Rec2
and AAV8 or AAV9 vectors because these serotypes transduce the liver
efficiently. The dual-cassette design described earlier is unable to sup-
press transgene expression in the liver when miRNA and short hairpin
RNA (shRNA) are delivered. An alternative strategy using a Tet-On/
Tet-Off system is discussed later. The size limitation of the dual-cassette
vector excludes its use for CRISPR-Cas9 genome editing. Thus,more ef-
forts are needed to generate novel adipo-tropic serotypes. Of note, more
than 100 naturally occurring capsid variants have been identified from
human and nonhuman primates.11 Thus, we need to step up screening
and testing of those capsid variants for adipose transduction or attempt
to isolate natural AAV variants from fat. Alternatively, recent studies on
liver, brain, and muscle have shown the successful re-design of capsids
based on a well-adopted “rational design and directed evolution”
approach. New information obtained from a recent comprehensive
AAV capsid fitness landscape study may provide guidance for capsid
modification.90,91 AAV8 and Rec2 may serve as the parent templates
togenerate capsids possessinghigheraffinity for adipose tissue than liver.

One approach to targeting tissues more efficiently is to make partic-
ular point mutations on the viral capsid to avoid proteasome-medi-
ated destruction through ubiquitination.96 Mutating tyrosine to
phenylalanine on the AAV2 capsid has been shown to increase trans-
duction in hepatocytes and other tissues.97 Given that each serotype
possesses a unique tropism spectrum, it is unclear whether this
approach works for AAV8 or Rec2. One study found that site-
directed mutagenesis of capsid surface-exposed lysine residues
improved transduction of AAV2, but not AAV8, in the liver.97

Further research into capsid structure and transduction efficiencies
will help explain this finding.

In addition to capsid engineering, modifications in the AAV expres-
sion cassette could also improve tissue transduction efficiency and
specificity. Recent advances in AAV vector improvement have been
extensively reviewed in several publications.1,84,98 We now discuss
options for possible application of modifications in the AAV vector
for adipose tissue transduction.

Because of the limited genetic size capacity for AAV vectors, basic or
core elements of adipose tissue-specific promoters, and the short form
of enhancers such as mini/aP2, mini/UCP1, and mAP2.2 have been
deployed in place of ubiquitous ones to achieve transcriptional spec-
ificity.62,64 However, those promoters are less potent, and a higher
dosage is required with such mini-promoters. Thus, synthetic short
enhancer or cis-regulatory modules (CRMs) need to be searched
and exploited. Identifying adipose tissue-specific CRMs can poten-
tially enhance adipose tissue-specific transduction. For example, a
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muscle-specific promoter containing clusters of transcription factor
binding sites resulted in a 400-fold increase in muscle-specific gene
transcription, better than the ubiquitous promoter CMV.99 Future
studies can test the strategy of incorporating adipose-specific
CRMs100 to enhance transgene expression in adipose tissue.

One of the issues related to the efficacy ofAAVvectors for adipose tissue
is that the vectors rely on host cells, such as adipocytes, for the synthesis
of the secondDNAstrand. By using self-complementaryAAV(scAAV)
vectors, the single-stranded AAV (ssAAV) genome can rapidly self-
anneal in the transduced cells to generate a double-stranded functional
DNA. Thus, scAAV vectors tend to express the transgene faster and
more potently than do the conventional ssAAV counterparts.98

scAAV9 vectors have been applied in gene therapy and achieved effec-
tive transduction in neuronal and non-neuronal tissues.101–103 There-
fore, it is worth trying scAAV8, scAAV9, or scRec2 vectors in adipose
transduction.Of note, the packaging capacity of scAAVvectors is about
2.5 kb, which clearly limits the choice for transgene.

Codon optimization and inclusion of a Kozak (or modified) sequence
upstream of the initiation codon could be adopted for transgene
expression enhancement (augment mRNA production and transla-
tion) in adipose tissue, as they have been successfully tested in rAAV
gene therapy to increase gene expression levels in liver and brain.104–108

RNA interference (RNAi) has become an essential research tool to
study gene function and is being exploited for therapeutic purposes.
In addition to the earlier described strategy of de-targeting AAV vec-
tor-mediated transgene expression with miRNA target sites, AAV-
mediated gene delivery of small RNA molecules, such as shRNAs
and artificial miRNAs for gene knockdown, has also been applied
in translational studies.109 AAV8 is one of the serotypes used in those
studies. Rec2 was used in basic research studies.73 Commonly adop-
ted RNA polymerase III (RNA Pol III) promoters such as human or
murine U6 and human H1 are often used in the applications.109 For
adipose tissue, shRNAs and artificial miRNAs can be deployed to
modulate adipocyte gene expression of any age of animal for
functional studies. However, in some cases, AAV-mediated RNAi
therapeutics may cause toxicity in target organs because potent
shRNAs could oversaturate the endogenous miRNA biogenesis
pathway.14,109–111 Because of safety concerns over off-target silencing,
local and systemic immune or inflammatory responses should be
evaluated when AAV-mediated RNAi is applied to adipose tissue.

To overcome the limited capacity of the AAV vector transgene size,
some teams created a two-vector delivery system, where the large
transgene is split into two parts, each packed into separate AAV par-
ticles, which are then delivered to the target tissue. Two parts of the
transgene product fuse together in transduced cells.112,113 The use
of inducible synthetic promoters is another way to modulate AAV-
mediated transgene expression. The details on inducible synthetic
promoters have been specifically and thoroughly reviewed in the
past, including in a recent publication.98 The tetracycline (Tet)-
dependent system is most often applied in vivo to study neuronal
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tissue by viral vectors, including AAV vectors.114–117 In addition to
using the Rec2 dual cassette to deliver a transgene while limiting liver
expression, another strategy to limit off-target transgene expression is
to use a Tet repressor (TetR) mutant model. A U6/TO, H1/TO, or
CMV/TO promoter can be used to drive miRNA or shRNA expres-
sion combined with the Alb promoter to drive TetR expression. In
this way, liver-specific expression of albumin will suppress transgene
expression. The switch-on and switch-off regulation of genes of inter-
est could help define the role of genes in adipose tissue remodeling in
the course of growth and aging of model animals.

In addition to facilitating basic research on adipose biology, AAV vec-
tors targeting adipose tissue may provide an avenue to develop gene
therapies for genetic disorders or disease conditions involving adipose
tissue. The pathology of adipose tissue is most often associated with
obesity or diabetes in humans. Underlying mechanisms of obesity
and diabetes involve multiple pathways, gene networks, and other or-
gans or tissues such as the hypothalamus, pancreas, and liver. Six forms
of human monogenic obesity are primarily due to inactivating muta-
tions in leptin-melanocortin signaling. Congenital leptin deficiency is
a monogenic defect found in adipose tissue.118 This rare case in hu-
mans is equivalent to the ob/ob model in rodents. Leptin protein is
an approved drug for this genetic disease but requires frequent injec-
tion for life. The previously mentioned two preclinical studies demon-
strate sustained efficacy of AAV-mediated leptin gene delivery to adi-
pose tissue in ob/ob mice,63,74 albeit much remains to be learned to
assess the translational potential. Moreover, adipokines that exert
metabolic benefits are therapeutic genes for adipose tissue gene ther-
apy, such as FGF21.66 Adiponectin and adipsin, two major adipokines
whose levels are decreased in obesity, could be targets for AAV-medi-
ated gene transfer in obese or diabetic models, as they improve glyce-
mic control and enhance insulin sensitivity or insulin release.29,119

In contrast to overexpansion of adipose tissue in obesity, lipodystrophy
syndromes are the pathological state of adipose tissue deficiency asso-
ciated with either genetic defects or various acquired conditions that
may prevent pre-adipocyte differentiation or promote immune cell-
associated cytotoxicity for adipocytes.120 Lipodystrophies include
many different conditions characterized by a lack of and/or dysfunc-
tional WAT121. While lipodystrophic patients may be lean, lipodystro-
phies often have the same symptoms of metabolic syndrome in obesity,
including ectopically deposition of lipids in liver and other organs, defi-
ciency of adipokines (leptin and adiponectin), insulin resistance, hyper-
glycemia, and dyslipidemia.121Most cases of inherited lipodystrophy in
humans are caused by mutations in genes such as encoding 1-acylgly-
cerol-3-phosphate O-acyltransferase2 (AGPAT2), seipin (BSCL), cav-
eolin, lamins, PPARg, and AKT2 while the acquired lipodystrophy is
not well defined in the underlying mechanism, and it includes HIV pa-
tients who received antiviral therapy.120,122,123 Current treatments for
lipodystrophies are still very limited and do not always address the un-
derlying cause. Adipose-oriented gene therapies are worthy of investi-
gation for hereditary lipodystrophies. Other examples of adipose disor-
ders with known hereditary components in the pathogenesis include
disorders of distribution of fat, lipoedema and fibroadipose hyperpla-
246 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
sia, tumors, and inflammation.124 Whether gene therapy might be
applicable remains to be seen.

Adipose tissue as a target tissue for gene therapy is much less studied
compared to muscle or liver. Until now, data on long-term transgene
expression, immune response to the AAV vector and transgene,
genome insertion risk, and other side effects are not available with ad-
ipose-oriented gene transfer to assess the advantages or disadvantages
in comparison with muscle or liver gene therapy. The development of
AAV vectors with improved efficacy and tropism is expected to stim-
ulate investigations on adipose tissue, one of the largest organs, as a
potential target for gene therapy.

In summary, the past decade has seen the development of AAV vec-
tors that transduce the adipose tissue in basic research and of preclin-
ical models of various diseases. AAV8 and an engineered serotype,
Rec2, are the most efficient serotypes and are commonly used AAV
vectors to target adipose tissue with the aid of strategies to enhance
adipose gene expression while limiting off-target transgene expres-
sion in the liver. The Rec2 serotype displays high efficacy of adipose
gene transfer via local and systemic administration superior to natu-
rally occurring serotypes tested. More efforts are needed to address
the many limitations and challenges in order to develop optimal
AAV vectors tailored to adipose tissue.
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